The possible effects of experimental bandwidth limitation on the accuracy of the energy distribution of the density of localized states ͑DOS͒ calculated from transient photoconductivity data by the Fourier transform method is examined. An argument concerning the size of missing contributions to the numerical Fourier integrals is developed. It is shown that the degree of distortion is not necessarily large even for relatively small experimental bandwidths. The density of states calculated from transient photodecay measurements in amorphous arsenic triselenide is validated by comparing with modulated photocurrent data. It is pointed out that DOS distributions calculated from transient photoconductivity data at a high photoexcitation density are valid under certain conditions. This argument is used to probe the conduction band tail in undoped a-Si:H to energies shallower than 0.1 eV below the mobility edge. It is concluded that there is a deviation in the DOS from exponential at about 0.15 eV below the mobility edge.
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I. INTRODUCTION
Transient photoconductive techniques have long been an attractive prospect as a probe of the localized density of states distribution ͑DOS͒ in amorphous photoconducting materials. The shape of the time resolved transient photocurrent ͑TPC͒ decay is evidently controlled by trapping and release from localized states, and therefore much effort has gone into attempts to extract information on the DOS from the data. [1] [2] [3] [4] This has proved difficult, because the state of the transient carrier distribution at any moment depends on the history of the decay. Thus the transient photocurrent ␦I(t) at time t cannot in a generally true way be related to the density of localized states g(E)dE at energy E in the mobility gap.
The problem of relating current to the DOS is far more tractable in the frequency domain. In the modulated photocurrent ͑MPC͒ experiment, photocarriers are generated by a light source the intensity of which is sinusoidally modulated. The resulting photocurrent has a sinusoidal alternating component ͑ac͒ which in general is phase shifted with respect to the light source modulation. Brüggemann et al. 5 devised a method of calculating g(E ), at a unique energy E for each modulation angular frequency , from the ac magnitude and phase. Hattori et al. 6 further refined the method.
MPC has the disadvantages of being limited in the modulation frequency range that can be covered, and also having an intrinsic steady component ͑optical bias͒ in the photogeneration rate variation with time. Both these factors limit the energy range in the DOS which can be covered. The Fourier transform of transient photocurrent ͑FTTPC͒ method 7 allows use of the frequency domain DOS calculation methods with time domain TPC data by the use of a Fourier transform. The effective frequency range of the hybrid is very wide and optical bias can be eliminated. TPC is also experimentally simpler to setup than MPC, for which great attention must be paid to eliminating phase error. The use of a Fourier transform introduces other problems, chief among which is that the calculated transform is only an approximation to the true frequency response, because the whole of the time domain transient response is not sampled. In practice ''the whole'' would mean sampling at times short enough to see the pretrapping transient photocurrent, i.e., the photocurrent when all of the transient carrier packet still occupies extended states. Trapping occurs at around 10 Ϫ12 s in a-Si:H, but the shortest time resolvable by digital sampling electronics is about 10 Ϫ9 s. The resultant degree of error in the calculated DOS is not necessarily serious, but does depend on the shape of the transient photodecay, weakening the generality of applicability of the FTTPC method. Another limitation is the requirement for a small, and hence more difficult to measure TPC signal magnitude, so that the TPC response is linear and the Fourier transform is valid. Standard fast Fourier transform ͑FFT͒ algorithms cannot be used for the Fourier transform, since the signal to be operated upon can extend over more than ten orders of magnitude in current and time. However, it turns out that the calculation procedure required is straightforward. This work is a discussion of the limits imposed by the problems outlined above, and other considerations, on the use of the FTTPC method to obtain a localized density of states distribution, with particular reference to a-Si:H. 
II. THEORY
Re͕H͑ n ͖͒Ϸa͑ n ͒ϭ͑ ␦G n ͒ Ϫ1 ͚ kϭ2 M ͭ s k n ͓cos͑ n t k ͒Ϫcos͑ n t kϪ1 ͔͒ ϩ͓␦I͑t k ͒sin͑ n t k ͒Ϫ␦I͑ t kϪ1 ͒sin͑ n t kϪ1 ͔͒ ͮ , ͑1͒ I m͕H͑ n ͖͒Ϸb͑ n ͒ϭ͑ ␦G n ͒ Ϫ1 ͚ kϭ2 M ͭ s k n ͓sin͑ n t k ͒Ϫsin͑ n t kϪ1 ͔͒ Ϫ͓␦I͑t k ͒cos͑ n t k ͒Ϫ␦I͑ t kϪ1 ͒cos͑ n t kϪ1 ͔͒ ͮ ,
͑2͒
where
, and the n are arbitrarily selected. Oscillation in a and b at small n is avoided by premultiplying the ␦I(t k ) by a windowing function that causes the values to tend smoothly to zero at long time.
Values of the DOS function g(E n ) may then be computed as follows:
where Hϭ͉H͉e Ϫi , e is the electronic charge, is the free electron mobility, ⑀ is the electric field, A is the conduction path cross section, C n is the capture coefficient, is the attempt to escape frequency for localized states, k is Boltzmann's constant, T is the temperature, E c is the energy of the conduction band mobility edge, and the majority carrier is taken to be electrons. A similar expression may be devised for hole transport. In practice the n term in the curly brackets in Eq. ͑3͒ may usually be ignored. The DOS is calculated for values of n in the range 1/t max Ͻ n Ͻ1/t min and g(E n ),E n values affected by the windowing function referred to above are removed.
Equation ͑3͒ is based upon an approximation in the MPC analysis for a sensitivity function relating the ac occupation of extended states to the density of localized states over a range in energy. The function is peaked at the energy E n defined by Eq. ͑4͒, and Eq. ͑3͒ is obtained by approximating this sensitivity function by a delta function of the same area situated at E n . The effect of the approximation is to blur features in the reproduced DOS, for example a narrow band of localized states is reproduced at the correct energy but with a 2kT spread. A conduction band tail of exponential slope kT c ϽkT is reproduced as having a slope of around kT.
The Hattori et al. 6 MPC DOS calculation method may also be used with H() as follows:
͑5͒
The energy scale is still given by Eq. ͑4͒. The above equation has the advantage of having a sharper associated sensitivity function, with tails of slope kT/2, thereby reducing the blurring of features in the DOS. The disadvantage is that a numerical differential must be calculated, which emphasizes experimental noise. In this work Eq. ͑3͒ is used to calculate the DOS unless otherwise noted.
III. EXPERIMENTAL METHODS
TPC experiments were performed on 1-m-thick films of undoped amorphous silicon produced by plasma-enhanced chemical-vapor deposition ͑PECVD͒ at the Universities of Stuttgart, Germany, and Shantou, China. The PECVD method used at the University of Shantou is described in Ref. 8 . Coplanar aluminium electrodes of gap 0.5 mm were deposited on the surface of the samples. The TPC measurements were made using a field voltage of 300 V. A nitrogen pumped dye laser was used to produce photogeneration pulses of width 3 ns, at wavelengths of 640 nm for the Stut-tgart material, and 595 nm for the Shantou material. Special purpose wideband current mode operational amplifier circuits were used to sample ␦I(t), the decay curves presented here being multichannel averaged composites of the response at several bandwidths. Time was allowed for relaxation between each laser firing. For more details of the experimental setup see Ref. 9 . Figure 1 shows TPC measured in the Stuttgart sample 10 at three temperatures, for a photogeneration pulse ␦G ϭ10
IV. DEEP STATES IN a-SI:H
16 cm Ϫ3 which is in the linear response regime. The shape of the decays is typical for such measurements in a-Si:H. There is a short time, relatively nondispersive region, followed by a steep fall and then a long time power law decay. The transition between the nondispersive region and the steep fall moves to progressively longer times with decreasing temperature while the magnitude of the current in the nondispersive region decreases.
The results of application of the FTTPC method using Eq. ͑3͒ and ͑4͒ to the above data are shown in Fig. 2 . A DOS consisting of a steep exponential tail and a deep energy broad bump centered at about 0.65 eV below E c is mapped out. Note that the DOS distribution calculated for the 353 K data using the Brüggemann et al. equation, Eq. ͑3͒, produces a shallower tail slope than for the 233 K data. This is a result of the kT blurring effect alluded to above. The greater selectivity of the Hattori et al. equation, Eq. ͑5͒, produces a better match between tail slopes, but the noise enhancement due to differentiation is also evident.
The scaling parameters used are ϭ10 cm
12 s
Ϫ1
, and C n ϭ10 Ϫ8 cm 3 s
. From detailed balance ϭC n N c , where the effective density of states at the band edge N c is kT times the actual density G c . This explicit temperature dependence in N c , however, is balanced by the unknown temperature dependence of . We find that a reasonable match between the DOS distributions for data measured at differing temperatures is obtained using the temperature independent values quoted above. 11 Experimental support for the value of is given below.
The reproduced shape of the deep energy bump can be shown to be dependent on the relationship between the magnitudes of the contribution to the Fourier integral from the short time nondispersive region and the long time power law decay in the data sets of Fig. 1 . In Fig. 3 DOS distributions calculated from subsets of the 233 K data set are shown. For each subset all data points for times shorter than a chosen limit are removed. It can be seen that the shape of the deep energy distribution is not affected until the whole of the short time nondispersive region is removed, i.e., all data points for tϽ5 s. Two general conclusions concerning the Fourier transform method for calculating the DOS may be drawn from this behavior. First, even with a limited experimental bandwidth the method can still produce the correct DOS. Second, given that transient photocurrent decays are of monotonically decreasing character, the question of whether the bandwidth limitation distorts the calculated DOS becomes the question of whether there is a significantly large missing contribution to the Fourier transform due to there being a very much higher current at times shorter than the experimental time window.
These points may be elucidated by consideration of the transient photocharge, i.e., the cumulative integral of the transient photocurrent, see Fig. 4 . The integral of the 296 K data exhibits an initial rise, a plateau after about 0.5 s, and a final rise beginning at about 50 ms. This structure reflects the dominance of the contribution to the integral from the nondispersive short time current in the TPC decay. Although the short time region in the TPC decay ends at about 100 ns, the value of the cumulative integral remains at the value of Physically, the shape of the transient photocharge plot reflects the deep trapping and release of charge. 12 The initial rise corresponds to multiple trapping transport with the transient carrier packet being repeatedly trapped and released by the shallow energy conduction band tail localized state distribution. At about 100 ns the majority of carriers become trapped in deep states, so that they no longer contribute to conduction and so the transient photocharge plot plateaus out. Only when the deeply trapped electrons are released at about 50 ms do they contribute to conduction again. The final rise in the transient photocharge plot therefore reflects the release time from deep traps. The variation of this release time with temperature may be used in an Arrhenius plot ͓ln(t) vs 1/T͔ to obtain values for the attempt to escape frequency and the energy depth of the deep traps. For the Stuttgart material the values obtained in this way were 1.3 ϫ10 12 s Ϫ1 and 0.63 eV below E c , respectively.
V. AMORPHOUS ARSENIC TRISELENIDE
Amorphous arsenic triselenide, a-As 2 Se 3 , is an interesting material for which to assess the accuracy of a DOS calculated by FTTPC. The model used to explain the steady state photocurrent dependence on photogeneration rate TPC in a-As 2 Se 3 13,14 places recombination centers at 0.66 eV above the valence band mobility edge. However, TPC decays in the material are accurate power laws over many orders of time, which in the past has been interpreted as corresponding to a broad exponential band tail with no feature where the recombination centers should be. The majority carrier is holes, so that the valence band tail is probed.
As we have seen with amorphous silicon, such power law decays do not necessarily correspond to a featureless band tail. The bandwidth of TPC measurements on a-As 2 Se 3 is generally much smaller than for a-Si:H measurements, because the magnitude of the signal is much smaller. We find that the current for tϽ1 s cannot be sampled. If there is a missing large contribution to the Fourier integrals from the unsampled region of the signal then the exponential DOS calculated from such data would be incorrect. One way to assess whether there is such a missing contribution is to compare the DOS calculated by FTTPC, and from direct sampling of the frequency domain response by modulated photocurrent measurements. The match between the DOS distributions calculated from the two experiments on a single sample, shown in Fig. 5 , demonstrates that there is no missing contribution and the DOS is indeed a featureless exponential. Note that the TPC data covers a wider range of energy than the MPC data, so that validating the FTTPC DOS by comparing with MPC is a useful exercise.
VI. SHALLOW TAIL STATES IN a-SI:H
The general form of the localized state distribution in Fig. 2 is as expected for a-Si:H. The conduction band tail is generally taken to be at least approximately exponential. This functional form is often found to be analytically convenient but is supported by experimental evidence rather than by any generally accepted precise model for the effect of disorder on the crystalline band edge.
We apply here the FTTPC method to investigate the functional form of the conduction band tail state distribution in a-Si:H, particularly at energies shallower than about 0.15 eV below E c . This region has not been well investigated because techniques which respond to conduction band extended states, for example inverse electron photoemission spectroscopy, 15 cannot follow the DOS far into the mobility gap, while techniques responsive to gap states cannot follow the DOS all the way to the mobility edge. The DOS is found to have an approximately linear energy dependence in the region of the mobility edge, so a changeover in the DOS energy dependence from exponential to linear should be observable if shallow enough energies can be probed. Longeaud and Vanderhaghen 16 observed indications of such a changeover from low temperature time-of-flight measurements. Figure 6 17 shows the low temperature TPC decays measured on the samples deposited at the University of Shantou, to probe the shallow energy DOS. Reducing the temperature allows shallower energies to be probed because the multiple trapping transport process is slowed, but for a fixed pulse are in the nonlinear response regime for room temperature measurements, the observed response is linear over at least the shorter time portion of the experimental time window at these low temperatures. We argue that even if the response does become nonlinear at longer time, the DOS calculated from the linear response portion of the data set is correct.
The power law decreasing nature of the decays means that the calculated Fourier transform is not distorted by loss of long time data. In other words the contribution to the Fourier integrals for frequency n , from ␦I(t) with 1/tӶ n , may be ignored. Thus, even were ␦G to be reduced to a level at which the whole signal varied linearly with ␦G, the Fourier integrals at frequency n would take the same values as at the higher pulse generation density. The DOS distributions calculated from the data of Fig. 6 are plotted in Fig. 7 . The 155 and 200 K distributions match well, consistent with the tail slope characteristic energy kT c of about 0.022 eV being greater than kT at both temperatures. The 102 K distribution, however, exhibits a clear deviation in shape. The discrepancy can be attributed to a small missing contribution to the Fourier integrals for the 155 K data set, which contribution is partially present for the 102 K set. This contribution arises from a higher current for t Ͻ100 ns in the 102 K decay, than the extrapolation to short times of the trend for tϾ100 ns. The trend for tϾ100 ns is marked in Fig. 6 . Such a feature should exist in the 155 K decay, but occurring at a time too short to be detected.
The high current feature is caused by a deviation in the trend of the DOS from purely exponential. This may be demonstrated by the results of the simulation shown in Fig. 8 . The simulator uses a finite difference numerical technique to calculate the transient response for a given model DOS. 18 The input DOS consists of a linear portion extending from the band edge to a depth of 0.154 eV, followed by an exponential portion of characteristic energy kT c 0.018 eV. Decays for temperatures 100 and 150 K were simulated, then all data points for tϽ5 ns were removed. Finally, DOS distributions were recalculated using FTTPC from the truncated data sets. It can be seen in Fig. 8 that the 150 K recalculated DOS is almost featureless, while the 100 K curve shows pronounced structure.
We may therefore conclude that there is a changeover in the functional form of the conduction band tail from exponential to something else at about 0.15 eV below E c . Although 0.15 eV below E c is within the energy range of the 155 K data set, the changeover is not detected. The 102 K data allows us to detect the changeover, but not the precise functional form of the tail between 0.15 eV below E c and E c . This should not be seen as a failure of the FTTPC method, since the very shallow region of the DOS being investigated is at the very limit of experimental accessibility. Rather, an awareness of the sources of distortion in the FT-TPC calculation has allowed us to draw a conclusion from what at first sight is contradictory data.
VII. CONCLUSIONS
The effects of bandwidth limitations on the accuracy of the distribution of the density of localized states ͑DOS͒ with energy calculated from transient photoconductivity data by the Fourier transform method have been examined. Distortions can arise because of missing contributions to the numeric Fourier integrals from the portion of the transient decay at times too short to be sampled. It has been shown that the degree of distortion is not necessarily large even for relatively small experimental bandwidths. The size of the missing contribution to the Fourier integrals has been shown to be small for the density of states calculated from transient photodecay measurements in amorphous arsenic triselenide, by comparing with modulated photocurrent data. It has been pointed out that DOS distributions calculated from transient photoconductivity data at high photoexcitation density are valid under certain conditions. This argument has been used to probe the conduction band tail in undoped a-Si:H to energies shallower than 0.1 eV below the mobility edge. The shapes of the calculated distributions have been explained using arguments about missing contributions to the Fourier integrals. It has been concluded that there is a deviation in the DOS from exponential at about 0.15 eV below the mobility edge.
